through its product PI(4,5)P 2 , it is likely to play a role GTP␥S-dependent activator of PI(4)P5K␣ that functions only in the presence of PA exists in bovine brain cytosol. in membrane ruffle formation as induced by epidermal growth factor (EGF).
Purification and Identification of a GTP␥S-Dependent PI(4)P5K␣ Activator Results
By assaying recombinant mouse PI(4)P5K␣ in combination with bovine brain cytosol sequentially fractionated GTP␥S and PA Synergistically Increase PI(4,5)P 2 by column chromatographies, a GTP␥S-dependent actiProduction in Bovine Brain Cytosol vator of PI(4)P5K␣ was purified (Figures 2A-2E ). On the We began our studies by reexamining the requirements final Superdex 75 HR 10/30 column, the activator eluted for PI(4)P5K activation, since the stimulation of PI(4,5)P 2 in a single peak as a 21 kDa protein ( Figure 2E ) and production by PA and PS had been assessed using SDS-PAGE analysis ( Figure 2F ) revealed that it had been cytosol or recombinant PI(4)P5Ks (Cochet and Champurified to near homogeneity. The purification was about baz, 1986; Moritz et al., 1992; Jenkins et al., 1994; Ishi-400-fold with 2.4% yield (data not shown), implying that hara et al., 1996, 1998) , while the stimulation by GTP␥S the activator is abundant in bovine brain cytosol. had been demonstrated using membrane preparations To identify the activator, amino acid sequences of (Urumow and Wieland, 1986; Smith and Chang, 1989;  trypsin-digested peptide fragments of the purified proUrumow and Wieland, 1990). Unexpectedly, although tein were analyzed. The sequences of the six peptide addition of PA to bovine brain cytosol increased PI(4,5)P 2 fragments analyzed exhibited identity to the small G production by 2-to 3-fold, significant stimulation by proteins ARF1 and ARF3, which are identical over the GTP␥S alone was not observed ( Figure 1A ). However, regions covered by the peptide sequences ( Figure 3A ). GTP␥S did strongly increase PI(4,5)P 2 production when The 21 kDa protein eluted from the Superdex 75 HR PA was present. In the presence of 0.2 M ammonium 10/30 column was strongly recognized by an anti-ARF sulfate, similar effects of GTP␥S and/or PA were obantibody in parallel with the PI(4)P5K␣ activation (Figure served, but the basal level was lower and therefore the 3B). In contrast, anti-RhoA, anti-Rac1, and anti-Cdc42 relative stimulation much greater. This appeared to be antibodies failed to react with the protein ( Figure 3C ). due to inhibition of enzymes that were further metabolizThese results demonstrated that ARF is the most abuning PI(4,5)P 2 produced (data not shown). Accordingly, dant GTP␥S-dependent activator of PI(4)P5K␣ in brain ammonium sulfate was thereafter included in the crude cytosol. assay system. The extent of increase in PI(4,5)P 2 production by GTP␥S was critically dependent upon the presence of PA ( Figure 1B) . Thus, GTP␥S absolutely required Reconstitution of Synergistic Activation of PI(4)P5K␣ by PA and ARF, but Not by RhoA, Rac1, the presence of PA to stimulate PI(4,5)P 2 production in bovine brain cytosol, and in combination the two stimuand Other Phospholipids When bacterial recombinant PI(4)P5K␣ and myristoylators were synergistic.
The increase in PI(4,5)P 2 production by GTP␥S and lated ARF1 (myr-ARF1) were combined in the presence of PA ( Figure 4A ), myr-ARF1 activated the enzyme in PA appeared to be, at least in part, attributable to the activation of PI(4)P5K␣, inasmuch as a similar but augthe presence of GTP␥S, but not GDP, and in a concentration-dependent manner, although the concentrations of mented response was observed when recombinant mouse PI(4)P5K␣ was added to the cytosol ( Figure 1C) . myr-ARF1 required were higher than those for the native protein. Nonetheless, the results provide evidence that These results, taken together, demonstrated that a Figure 5A ). In unstimulated dence that ARF is the specific activator of PI(4)P5K␣ in vitro.
cells, ARF1 was localized exclusively to perinuclear Golgi membranes, ARF5 to the nucleus and perinuclear Since it has been reported that PS, as well as PA, activates PI(4)P5K (Cochet and Chambaz, 1986), phosmembranes and vesicles, and ARF6 throughout the cytoplasm and at the plasma membrane, as reported prepholipid specificity in the activation of PI(4)P5K␣ was assessed ( Figure 4D ). Phosphatidylethanolamine (PE), viously (Hosaka et al., 1996; Radhakrishna et al., 1996) . PI(4)P5K␣ localized to the plasma membrane and also phosphatidylcholine (PC), PI, and lyso-PA (LPA) did not significantly activate PI(4)P5K␣, which was assayed in to punctate structures dispersed throughout the cytoplasm. Upon stimulation by AlF 4 , cells overexpressing combination with myr-ARF1, irrespective of the presence of GDP or GTP␥S. Although PS, like PA, modestly ARF6 formed membrane ruffles and ARF6 became concentrated in the ruffles, as previously reported (Radhaactivated the enzyme in the presence of GDP, it failed to synergize with GTP␥S-bound ARF1. Thus, synergistic krishna et al., 1996, 1999) . Strikingly, PI(4)P5K␣ cotranslocated with ARF6 to the ruffles. Neither colocalization, activation with ARF1 was specific to PA. This PA effect seemed to be attributable to direct action on PI(4)P5K␣ membrane ruffles, nor obvious translocation of PI(4)P5K␣ the EGF-induced signaling pathway that induces ARF6-dependent PI(4)P5K␣ translocation to the plasma memtion, the overexpressed PLD2 translocated to the ruffling membranes as visualized at 7 min and colocalized with brane is mediated by Rac1 and that the local production of PI(4,5)P 2 at the plasma membrane is, at least in part, PI(4)P5K␣. As before, ruffle formation was transient, and both proteins became redistributed in parallel with coninvolved in the membrane ruffling formation. Although consistent with a previous report (Ridley et al., 1992), the comitant retraction of the ruffles. In contrast, PLD1 did not alter its perinuclear distribution upon EGF stimuladominant-negative Rac1 mutant, Rac1 T17N, inhibited EGF-induced membrane ruffling, it nonetheless failed to tion (data not shown). These results demonstrate that a mechanism to locally generate PA is established during interfere with the EGF-induced cotranslocation of ARF6 and PI(4)P5K␣ to the plasma membrane and concomimembrane ruffle formation and suggests that it plays a role in the activation of PI(4)P5K␣.
tant PI(4,5)P 2 production, the latter of which was detected using the anti-PI(4,5)P 2 antibody ( Figure 6C ). In mock transfected cells, both the membrane ruffling and Requirement of Local Production of PI(4,5)P 2 cotranslocation of ARF6 and PI(4)P5K␣ to the ruffles for Membrane Ruffling Formation were observed (data not shown). These results, taken Growth factor-induced membrane ruffling formation is together, lead to the conclusion that (1) the local generaalso regulated by the Rho family GTPase Rac1 (Ridley tion of PI(4,5)P 2 by activated PI ( In the present study, we demonstrate that the small G protein ARF directly activates PI(4)P5K␣ in concert with inhibited the membrane ruffling formation induced by Rac1 G12V (Figure 6B ). These observations suggest that PA. Furthermore, we provide evidence that PI(4)P5K␣ is a downstream effector of ARF6, and that it is synergis-(Liang and Kornfeld, 1997), was considerably less effective than the native proteins ( Figure 4A ). Since the functically activated by ARF6 and the PLD2 product PA to increase local production of PI(4,5)P 2 in the plasma tion of myristoylation is to promote membrane localization of GTP-bound ARF, this suggests, in combination membrane upon EGF stimulation, which in turn promotes membrane ruffling formation in concert with the with the absolute requirement of the membrane lipid Rac1-specific pathway.
PA, that activation of PI(4)P5K␣ takes place only at membrane surfaces where activated ARF and PLD2 (as the source for PA) coincide.
Activation Mechanism of PI(4)P5K by PA and Small G Proteins
RhoA and Rac1 had been reported to activate PI(4)P5K in mouse fibroblast lysates and permeabilized platelets, In the present study, we identified ARF as the direct activator of PI(4)P5K␣ in vitro (Figures 3 and 4) . Figure 6C ). In addition, ARF6 could also be activated by a Rac1-dependent mechanism, which may involve an ARF-GEF (Figure 7) , based on the result that ARF6 N122I inhibited the Rac1 G12V-induced translocation of PI(4)P5K␣ to the plasma membrane ( Figure 6A ). Further- with PI(4)P5K␣ to the ruffling membranes formed upon The requirement of phospholipids for ARF activation EGF stimulation ( Figure 5E ), whereas PLD1 did not alter of PI(4)P5K␣ was specific to PA ( Figure 4D ). This specific its perinuclear location, suggesting that PLD2, but not effect of PA cannot be simply explained by a physical PLD1, is involved in PI(4)P5K␣ activation in this setting. effect on the substrate vesicle structure through its negThis conclusion is also supported by the observation ative charge, since the other negatively charged phosthat EGF stimulation of cells overexpressing PLD2 stimpholipids tested, PS, PI, and LPA, were without effect.
ulates PLD activity (Slaaby et al., 1998), and that overexIt is also unlikely that PA has a direct effect on ARF, pression of PLD2 in many cell types results in actin since PA did not affect [ (data not shown) . These obsermay involve PLD1. Nevertheless, although further invesvations lead us to speculate that binding of PA to tigation is required to explore the involvement of PLD2 PI(4)P5K␣ causes a conformational change in the enin PI(4)P5K␣ activation, this report demonstrates a novel zyme, which in turn allows it to interact with the active physiological function for PLD2 and it sheds insight into the role of PLD2 in EGF-stimulated cellular signaling. form of ARF, thereby leading to synergistic stimulation. Rac1 G12V were generated using pcDNA3-myc, which was con-
Novel Physiological Function of PI(4)P5K␣
structed by insertion of a myc epitope-encoding linker into pcDNA3.
It is firmly established that regulated exocytosis, such
An HA-tagged version of PI (4) ., 1988) . phate, the fractions were further subjected to chromatography on a Phenyl-TOYOPEARL 650M column and eluted with a linear gradiPlasmid Construction ent of 2-0 M ammonium sulfate. PI(4)P5K␣-activating fractions PI(4)P5K␣ cDNA was amplified from mouse brain total RNA using eluted at 0.6 M ammonium sulfate were concentrated and gel fil-RT-PCR and the cDNA sequence (Ishihara et al., 1996) verified. The trated on a Superdex 75 HR 10/30 column with buffer B. mouse ARF cDNAs were previously described (Hosaka et al., 1996) . An N122I mutation was introduced into ARF6 using a PCR-based Amino Acid Sequence Analysis of the Purified strategy (Toda et al., 1999) . pTB701-FLAG and pcDNA3-FLAG were PI(4)P5K␣ Activator used to construct mammalian expression vectors for N-and C-termiThe PI(4)P5K␣ activator purified from bovine brain cytosol (20 g nally FLAG epitope-tagged PI(4)P5K␣ [FLAG-PI(4)P5K␣] and ARFs of protein) was digested with 2 g/ml of trypsin at 37ЊC overnight. (ARFs-FLAG), respectively. pcDNA3-FLAG was constructed by inThe peptide fragments were separated by reversed-phase HPLC. sertion of the FLAG epitope sequence into pcDNA3 (Invitrogen).
The separated peptides were sequenced by a model PPSQ-21 sepFLAG-MAC (Eastman Kodak Co.) and pET20b (Novagen) were quencer (Shimadzu, Kyoto, Japan). used to construct bacterial expression vectors for FLAG-PI(4)P5K␣ and C-terminally 6-His-tagged ARF1 (ARF1-His), respectively. The bacterial expression vector for N-myristoyltransferase, pBB131, was Assay of PI(4)P5K Activity PI(4)P5K activity was determined by the incorporation of 32 Pi from a generous gift of Dr. Gordon, Washington University (Duronio et  al., 1990) .
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